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We present a theoretical analysis of surface-plasmon-mediated mode-coupling in a planar thin film
metal/insulator stack. Solving for the modes of this structure, we obtain an avoided crossing in
the angular domain that is tunable using the system’s materials and geometrical parameters. The
computed reflectance of the metal/insulator stack exhibits a lineshape that is modeled as a geometric
Fano resonance, accompanied by a response function characteristic of an induced coherence, albeit
in the angular domain. We also observe a reversal of the Fano lineshape asymmetry as the system’s
parameters are varied. We attribute this q-reversal to an interloping background radiation field
comprising the surface plasmon polariton mode.
The interference of a discrete state with a broad back-
ground is known to give rise to Fano resonances. Orig-
inally, Fano resonances were observed in the autoion-
ization spectrum of helium, explained as outcome of
quantum interference between scattering amplitudes of a
bound state and a continuum [1]. The rapid variation in
phase and amplitude, characteristic of a resonant state,
gives rise to the well-known asymmetric Fano lineshape.
While Fano resonances were initially described as quan-
tum interference effects in atomic systems, their presence
has since been demonstrated in coupled nanoscale struc-
tures [2, 3], plasmonic systems [4–6], as well as coupled
classical oscillators [7]. Studies to date have predomi-
nately addressed Fano interference in the frequency do-
main, often utilizing engineered metamaterials to con-
trol the frequency response [8, 9]. Alternately, manip-
ulation of quantum interference in space using geomet-
rical parameters has been demonstrated to enable con-
trol of resonant optical mode coupling in guided-wave
structures [10, 11] as well as nano-scale plasmonic sys-
tems [12], in manners analogous to Fano interference
and electromagnetically induced transparency (EIT) [13].
Such structural control demonstrates quantum interfer-
ence of geometrical resonances, thus enabling the exten-
sion of many known aspects of quantum coherence theory
to the spatial domain.
In this work we analyze a geometric Fano resonance,
arising from interference between a Surface Plasmon Po-
lariton (SPP) mode and a metal-clad dielectric waveg-
uide (metal-insulator-metal or MIM) mode. The system
consists of two planar and infinite metal films of permit-
tivity ǫm sandwiching a thin insulator with permittiv-
ity ǫg, thus forming a metal/insulator stack (MIS). The
remaining two metal interfaces of the MIS each abut a
semi-infinite, isotropic and homogeneous dielectric host
with permittivity values of ǫp and ǫe, respectively. The
SPP mode considered here is excited at the metal/ǫe in-
terface. The MIM mode is a leaky guided mode, confined
to the insulating film [14, 15].
More specifically, we address a geometric Fano res-
onance (GFR) of the system in the optical frequency
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range, utilizing MIS structures where all film thicknesses
range mostly between 50-100nm. We solve for the modes
of the system and demonstrate their spectral tuning
through geometrical and materials parameters. We ob-
tain an angular response function, analogous to the sus-
ceptibility of a dressed atom exhibiting EIT, that indi-
cates the presence of a geometric coherence underlying
the GFR. We then calculate the complex Fresnel reflec-
tion coefficients, and show that using the aforementioned
parameters it is possible to tune both the angular line-
shape as well as the resonance frequency of the GFR.
To analyze the GFRs of this system, we begin with
computing the modes of a simpler structure where the
dielectric with permittivity ǫp is replaced with a semi-
infinite metal film, as shown schematically in the In-
set to Fig. 1. This approach isolates the MIM and
SPP fields from most radiation modes, thus allowing
us to first analyze mode coupling effects in the unper-
turbed system. The dispersion relations are obtained
from Maxwell’s equations by applying the appropriate
boundary conditions at the planar interfaces. The so-
lutions are thus presented as coupled modes of the two
subsystems comprising the structure, namely a MIM with
two semi-infinite metal films (labeled infinite MIM ) and
a single metal/dielectric interface. Coupling is obtained
by bringing these two subsystems into close proximity,
such that a metal film of thickness tc enables mode over-
lap [12]. It is important to note here that the eigenval-
ues associated with metal-supported modes are in general
complex, a consequence of material loss and the radiative
nature of MIM modes [15]. Without loss of generality, we
set k||, the in-plane wave vector to be real-valued, thus
rendering the eigenfrequencies complex [16].
Using this approach, we obtain the transverse mag-
netic (TM) eigenmodes of the isolated system. (While
the MIM structure also supports transverse electric so-
lutions, the latter do not couple to SPP modes, which
are solely TM in nature.) For both metal films we
choose a silverlike Drude metal with dispersion ǫm(ω) ≡
ǫb − ω2p(ω2 + iΓω)−1 [17]. Here ǫb = 5.1; ~ωp = 9.1 eV,
with ωp the bulk plasma frequency, and ~Γ = 0.021 eV.
The external insulator is chosen as vacuum (ǫe = 1). For
the waveguide insulator film we use titania in rutile form,
with a dispersive permittivity ǫg = ǫTiO2(ω)[18]. The
2thickness tc of the coupling metal-film determines the
spatial overlap of the SPP and MIM modes, and may be
varied to control the interaction between these two fields.
In Fig. 1(a) we plot the first order coupled frequency
eignemodes of the system using tc = 70nm. The dashed
traces (labeled) represent the uncoupled modes of the
two subsystems, as described above. The dotted line
indicates the vacuum light line. As demonstrated pre-
viously [19], the geometric resonance condition tg ≈
λsp/4
√
ǫg, where λsp is the free-space surface plasmon
wavelength, may be used to obtain the optimal insulator
thickness resulting in a nearly-flat MIM mode. This con-
dition yields a broad angular resonance that enables om-
nidirectional coupling to MIM modes [15]. Application
of the geometric resonance condition gives tg = 44nm,
which renders the crossing with the SPP mode close to
the ultraviolet region of the spectrum. In order to fa-
cilitate a more practical interrogation wavelength, we
increase the insulator thickness to tg = 80nm. This
red shifts the intersection point to near λ = 632.8nm
(ω/ωp = 0.216), while maintaining a nearly flat MIM
mode over the entire angular range of interest. The ef-
fects of varying tg are discussed further below.
The broad traces in Fig. 1(a) show the modes of the
coupled MIS, plotted using tg = 80nm and tc = 70nm.
The solid center line in each trace denotes the real value
of the complex eigenfrequency, while the width of each
resonance is given by the shaded region, equal in magni-
tude to twice the imaginary part of the frequency eigen-
value. The observed level repulsion at ω/ωp ≈ 0.216 is
a result of the coupling between the infinite MIM mode
and the SPR at the single metal/insulator interface, en-
abled now through the finite value of tc. Plotting the real
and imaginary values for the eigenfrequencies allows us
to better analyze the effect of geometrical parameters as
well as losses on mode coupling, and subsequently on the
GFR. This is discussed in more detail below.
The coupling between the modes is controlled via tun-
able geometrical and materials parameters, namely the
thicknesses of both metal and insulator films, as well as
the permittivities of both waveguide and external insu-
lator materials. In Fig. 1(b) we plot the real and imag-
inary values of the eigenmodes of the coupled MIS for
several thicknesses of the coupling metal film, using a
fixed value of tg = 80nm. As tc increases, center-to-
center mode separation decreases and the traces tend
more closely towards the uncoupled modes. This is due
to the diminished overlap experienced by the fields when
screened by an increasingly thick metal film, resulting
in weaker hybridization. We note here that we do not
investigate the effect of metal films significantly thinner
than 60nm, since at lower values of tc field overlap be-
tween the interfaces is very high, and the modes do not
retain relevant attributes of the uncoupled solutions. Ex-
amining the widths of the modes, we find that generally
SPR-like modes are narrower than the MIM-like solu-
tions. This is because while the SPR is a lossy evanescent
mode that is bound to a single metal/insulator interface,
FIG. 1. (a) Mode dispersions showing the SPP and infi-
nite MIM modes (dashed), coupled MIS modes (solid broad
traces), and vacuum light line (dotted). Here kp ≡ ωp/c and
k|| is the in-plane wavenumber. Inset: Schematic of the struc-
ture used to compute the plotted modes, showing an infinite
MIM coupled to an external dielectric with permittivity ǫe
through a metal film with thickness tc. The metal film on the
left-hand of the structure is infinite in thickness. (b) Mode
dispersions for metal coupling films of thicknesses as denoted
(in nm), using tg = 80nm and ǫe = 1. (c) Location of avoided
crossing (points) and minimal frequency separation (bars),
computed using the following parameter ranges: 1 < ǫe < 2,
2.5 < ǫg < 7, and 40 < tg < 100. The infinite MIM and SPP
modes computed using parameter values as in (a) are shown
as dashed lines.
the MIM mode is tightly confined between two such in-
terfaces, thus experiencing shorter propagation lengths
and increased losses at the insulator thickness chosen
here [20]. We also find that at increasingly large val-
ues of the wavevector all MIM-like modes exhibit rela-
tively large and comparable widths, indicating significant
losses. This is expected, as greater values of k||/kp indi-
cate increasing interaction of the propagating field with
the metal layers, resulting in higher extinction [21].
In addition to the decreased center-to-center separa-
tion between the modes, increasing tc also results in over-
lap of mode widths in the coupling region, as seen in
Fig. 1(b). Effectively, greater values of tc lead to in-
creased attenuation of the propagating coupled fields,
accompanied by strong screening of the two modes [20].
Close to the coupling region, we observe a change in the
width, as the modes evolve from MIM-like to SPR-like,
and vise versa. The stronger the hybridization of the
modes the more gradual the change in width. For the
thickest films, where the modes are strongly screened,
3FIG. 2. Real part of the magnetic field of the modes, plotted
for values of k||/kp equal to (a) 0.205, (b) 0.235, (c) 0.223
(antisymmetric mode, ω/ωp ≈ 0.218), (d) 0.223 (symmetric
mode, ω/ωp ≈ 0.214). The composition of each layer is de-
noted in (a) and is identical in all panels. The dashed line in
(a) designates the reference plane with respect to which the
symmetry of the modes is determined.
this change in width happens abruptly, very close to the
coupling region, as expected.
While tc, the thickness of the coupling metal film serves
as the primary control over the strength of the interac-
tion, the dispersion of the coupled system may be tuned
through the remaining geometrical parameters compris-
ing the thickness, tg and permittivity, ǫg of the insulating
film, as well as the permittivity ǫe of the external insu-
lator. In Fig. 1(c) we plot the position of the avoided
crossing, determined as the midpoint value of the min-
imal frequency separation between the two branches of
the coupled MIS modes. The minimal difference between
the frequency values is also used to designate the height
of the bar for each frequency value plotted. (Only the
real values of the eigenfrequencies are used to obtain
these plots.) We find that variations to the insulating
film’s parameters yield very similar results, indicating
that the main effect of the insulating film on the GFR is
to alter the relative phase of the coupled modes through
its optical thickness. As already mentioned above, in-
creasing the optical thickness of the insulator redshifts
the intersection of the MIM and SPR modes, resulting
in the observed monotonic decrease shown in Fig. 1(c).
In addition, increased confinement of the MIM mode in
higher optical thickness films results in weaker hybridiza-
tion with the SPR mode, and hence smaller gap values.
Alternately, the main effect of increasing ǫe is to shift the
SPR mode further to the right of the light line, without
FIG. 3. (a) Computed reflectance of the MIS with ti = 55nm,
tg = 80nm and tc = 70nm, exhibiting a GFR (heavy solid
trace). Also shown are reflectances of the semi-infinite MIM
(dashed trace) and a metal film of thickness ti = 55nm (thin
solid trace). Here ǫp = 2.25, ǫg = ǫTiO2 and ǫe = 1. Inset:
Schematic of the MIS structure. The medium with permittiv-
ity ǫp may be shaped as a prism, to facilitate coupling into the
SPR mode. (b) Reflected field quadratures, r = rr + iri, of
the GFR (solid traces) and of the semi-infinite MIM (dashed
and dotted traces).
much impact on the MIM resonance (for the value of tc
used here.) Thus we find the GFR following this shift to
where the SPR and MIM now intersect at higher values
of k||, as also seen in Fig. 1(c). This shift does not im-
pact the hybridization strength, as demonstrated by the
constant magnitude of the frequency gap.
The evolution of the modes from MIM-like to SPR-like
is demonstrated by plotting the magnetic field distribu-
tions, as shown in Fig. 2. Each plot corresponds to one
of the four dots marking the modes in Fig. 1(a). Pan-
els (a) and (b) of Fig. 2 shows predominate excitation of
the MIM and SPP modes, respectively, as expected when
the modes are far detuned from the GFR. On resonance,
when k||/kp = 0.223, mode coupling results in a pair of
eigenmodes of opposite symmetries, as seen in panels (c)
and (d) of Fig. 2.
We now return to the complete MIS structure com-
prising the semi-infinite dielectric layer of permittivity
4ǫp, as shown schematically in the inset to Fig. 3(a).
The semi-infinite metal film is now rendered a film of
finite thickness ti. In practical configurations, the dielec-
tric ǫp is often structured as a prism, resulting in the
Kretschmann excitation scheme for SPPs [10]. We note
that the ǫp/metal interface supports an additional SPP
mode, which also couples to the MIM mode. However,
this interaction occurs at values of k||/kp lying outside
the lightcone as defined now by ǫp, and is therefore not
accessible using the current scheme.
In Fig. 3(a) we plot the reflected intensity of a plane
wave impinging from ǫp on the structure shown in its In-
set, as a function of the incidence angle θ, for a light field
with ω/ωp = 0.216. Values of films parameters are the
same as those used to compute the modes in Fig. 1(a),
with the addition of ti = 55nm. For the coupling di-
electric we use ǫp = 2.25, the permittivity of fused silica
at the chosen frequency. In analogy to the subsystems
used above to compute the modes, we also compute the
reflectances of a semi-infinite MIM (formed by coupling
the infinite MIM to ǫp through ti) and a metal film of
thickness ti = 55nm sandwiched between ǫp and vac-
uum. All incidences are from ǫp, for plane wave fields at
ω/ωp = 0.216. These computed reflectances are shown
for reference in Fig. 3(a) as dashed and thin solid traces,
respectively. The sharp dip in the single-film reflectance
indicates excitation of the SPR at the metal/vacuum in-
terface. The critical angle for total internal reflection
is θcr = 41.8
◦, as evidenced by the cusp in the SPR
trace, as well as in the GFR. The reflectance of the en-
tire MIS structure exhibits the asymmetric lineshape typ-
ical of Fano resonance, albeit here it is manifest in the
angular domain. Unlike many common Fano systems,
where the response approaches a constant value when
the system is far detuned from resonance, here we find
that the reflectance follows the MIM trace at angles far
from the SPR resonance. This is to be expected, as the
non-resonant response is determined by the dispersion of
the broad continuum. While the latter is often nearly-
flat in atomic systems, in our structure it is the dispersive
MIM mode which plays the role of the background, thus
determining the overall angular dispersion of the MIS.
To verify the coherent nature of the GFR we also com-
pute the quadratures of the reflected light field. The
latter are plotted in Fig. 3(b), along with the reflectance
quadratures for the semi-infinite MIM defined above. We
find that the real and imaginary components of the GFR
field indeed follow a response function typical of a dressed
system [22], indicating the existence of coherent angular
response. This is highlighted by the dashed traces repre-
senting the MIM quadratures, where we see that the an-
gular coherence results in modification of the background
response only in vicinity of the SPR, as expected.
The reflectance lineshape of the GFR can be further
understood by examining the EM energy density distri-
butions in the MIS. To obtain these, we compute the
EM energy density in each film separately while account-
ing appropriately for the losses and dispersion in the
FIG. 4. Cross-sectional time averaged EM energy density,
computed relative to the incident energy density. The origin
of all abscissae is at the ǫm/ǫe interface. Incidence angles at
which the energy densities were computed are also stated.
metal [23]. In Fig. 4 we show the cross-sectional time av-
eraged EM energy density for incidence angles designated
by the four points marking the GFR trace in Fig. 3(a).
At θ = 35.5◦ we find that all the energy in the MIS
resides in the MIM mode, as suggested by the vanish-
ing reflectance at this angle. (Coupling into the SPR is
not yet possible since this angle is lower than the crit-
ical angle for total internal reflection.) Examining the
energy densities at greater angles, we find that above θcr
energy couples into both the MIM and SPR modes, at
ratios determined by their relative phase. In particular,
at θ = 43.4◦ where the reflectance is maximal we observe
the SPR being predominately excited, with negligible en-
ergy in the MIM mode. This implies coherent suppres-
sion of the MIM mode, in analogy to EIT, as well as
to dynamic damping observed in other classical coupled
oscillator systems [24]. As the angle increases further,
the relative phase between the interfering MIM and SPR
modes changes with the increasing optical path, resulting
in various degrees of excitation of the two modes.
We now address tuning of the GFR through geomet-
rical and materials parameters. As discussed above, in-
creasing the optical thickness of the insulator film red-
shifts the MIM mode, while θcr and the SPR remain
unperturbed. This enables tuning of the GFR across
the entire visible frequency range, as seen in Fig. 1(c).
The redshift is also accompanied by an increase in the
MIM wavevector eignevalues at the fixed operating fre-
quency of ω/ωp = 0.216. We thus find that increasing
the optical thickness distorts and spreads the GFR over
an increasingly broad range of angles. This is demon-
strated in panels (a) and (b) of Fig. 5. For comparison
we also plot the MIM resonance curve for each parameter
value, indicated by the dashed traces in these panels. For
thick enough insulator films, as exemplified by the trace
at tg = 100nm in 5(a), there exist no MIM eigenval-
ues accessible in the Kretschmann configuration. In this
5FIG. 5. Tuning of the GFR through variations of structural and materials parameters. Traces have been displaced vertically for
clarity. All traces are shown on same scale. When tuning a permittivity, increments of 0.1 in value are used, with the lowest at
the bottom of the panel. (a) Computed reflectance of MIS, showing tuning of the resonance through variation of the insulator
thickness, as denoted. For this panel we use ǫg = ǫTiO2 and ǫe = 1. All film thicknesses are in nm. The dashed curve underlying
each trace designates the reflectance of semi-infinite MIM at the chosen film thickness. The critical angle is designated by a
thin vertical line intersecting at θ = 41.8◦. (b) Computed reflectance of MIS, showing tuning of the resonance through variation
of ǫg while using tg = 80nm and ǫe = 1. The dashed traces show the semi-infinite MIM reflectance. (c) Computed reflectance
of MIS, showing tuning of the resonance through variation of ǫe. The insulator thickness is set at tg = 82nm, and ǫg = ǫTiO2 .
The dashed traces indicate the SPR for each permittivity value. The thin vertical line indicates the resonance angle of the
semi-infinite MIM.
case the MIM mode is rendered dark, and only a very
weak and strongly screened SPR is excited. As the in-
sulator thickness is further increased, higher order MIM
modes may be excited. One such mode, along with its
associated GFR is shown for tg = 214nm in Fig. 5(a).
These higher order resonances are narrower than their
fundamental counterparts, as expected.
The last control parameter we examine is ǫe. In
Fig. 5(c) we plot a series of GFR traces obtained using a
range of values for the permittivity of the external insu-
lator. The dashed trace underlying each GFR shows the
SPR for each permittivity value. We find that when ǫe is
varied, as would often occur in a sensing configuration,
the GFR again undergoes angular tuning. In particular,
increasing ǫe shifts the SPR to higher angles, in the pro-
cess sweeping it across the now weakly perturbed MIM
resonance.
An interesting feature that emerges while tuning the
GFR is the reversal of its asymmetry, which occurs as
the resonance is tuned across a range of angles. Close ex-
amination of the resonance curves in Fig. 5 reveals that
this takes place when one of the two interfering reso-
nances is swept across the other, by varying either the
optical path length or the external permittivity. This
effect is known as q-reversal, where q is the Fano line-
shape parameter [26]. Such symmetry reversals have
been observed in both quantum and classical interfer-
ing systems [27, 28], and are generally attributed to the
presence of an additional interfering channel, known as an
interloper, which is responsible for the additional phase
variation [29, 30]. Due to the challenges associated with
creating isolated, two-channel interfering systems, inter-
lopers are often present in Fano systems. In the case
studied here, we believe the interloper to be the contin-
uum channel a-priori interfering with the surface-bound
wave, to create the SPR mode. This channel consists of
a broad and flat continuum, comprising radiation modes
that undergo total internal reflection. Quantum interfer-
ence of this radiation field with the surface mode field
results in the characteristic SPR angular lineshape [10].
Thus, the composite nature of the SPR naturally pro-
vides an additional interloper channel, explaining the ob-
served q reversal.
In conclusion, we have demonstrated the emergence of
a geometric Fano resonance in a metal/insulator stack.
Tuning of the resonance, either in the spectral or angu-
lar domain is achieved through control of geometrical and
materials parameters. In vicinity of the SPR angle, mo-
mentum conservation of the reflected fields renders the
excitation of the SPR and MIM modes indistinguishable,
resulting in an angular coherence. When the SPR and
MIM excitation angles are equal, the angular reflectance
exhibits an EIT-like peak. Variations in the tuning pa-
rameters also results in q reversal. We attribute this
phenomenon to the presence of an interloper – a broad
continuum channel that underlies the SPR mode.
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